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WEAR RESISTANT COATING FOR PISTON to about 43 wt. % of a nickel-chromium alloy, about 25 wt. 

RINGS % to about 64 wt. % chromium carbide, and about 15 wt. % 

to about 50 wt. % molybdenum. 

_ _ _ A third aspect of the present invention provides a method 

BACKGROUND OF THE INVENTION 5 of protecting surfaces in sliding contact. The method 

1. Field of the Invention includes applying a wear resistant coating to one or both 
The present invention relates to materials and methods for ** fa °f s b * hi f h vclocit y oxygen-fuel deposition of a pow- 

protecting surfaces subject to frictional forces, heat, and ^ ^ Powder comprises a blend of about 13 wt. % to 

corrosion, and more particularly, to wear-resistant coatings in abc f 43 % °J V^^TT alloy about 25 wt. % 
that can be applied to piston rings and cylinder liners of 10 to about 64 wi. % chrommm carbide, and about 15 wt. % to 

internal combustion engines. about 50 wt ' % molybdenum. 

2. Discussion BRIEF DESCRIPTION OF THE DRAWINGS 
A power cylinder assembly of an internal combustion 

engine generally comprises a reciprocating piston disposed 15 FIG - 1 shows a P artial cross-sectional view of a piston 

within a cylindrical cavity of an engine block. One end of the nn S havin S a wear res i*tant coating, 

cylindrical cavity is closed while another end of the cylin- FIG. 2 is a photomicrograph of a cross section of an 

drical cavity is open. The closed end of the cylindrical cavity HVOF spray coating described in Example 1, which is 

and an upper portion or crown of the piston, define a viewed with backscattered electrons at 500 times magnifi- 

combustion chamber. The open end of the cylindrical cavity 20 cation. 

permits oscillatory movement of a connecting rod, which FIG. 3 is a photomicrograph of a cross section of a plasma 

joins a lower portion of the piston to a crankshaft, which is torch spray coating described in Example 2, which is viewed 

partially submersed in an oil sump. The crankshaft converts with backscattered electrons at 500 times magnification, 

linear motion of the piston— resulting from combustion of Fia 4 ^ a photomicrograph of a cross section of a plasma 

fuel in the combustion chamber— into rotational motion. 25 torch spray coating described in Example 3, which is viewed 

The power cylinder assembly typically includes one or with backscattered electrons at 500 limes magnification, 
more piston rings and a cylindrical sleeve or cylinder liner, 

which is disposed within the engine block and forms the side DETAILED DESCRIPTION OF THE 

walls of the cylindrical cavity. The piston rings are disposed PREFERRED EMBODIMENTS 

in grooves formed in the lateral walls of the piston, and 30 * , . . c „ 

extend outward from the piston into an annular space FIG ' 1 show f a cro ^f^ al ™ w ° * portion of 

delineated by the piston wall and the cylinder liner. During a P ° Wer ^ ylmder 10 of an f*™ 1 f ombustlOD 

movement of the piston within the cylindrical cavity, the V^w ^ P ° WCr ™ bl * 10 r in f lud f a P 1St ^ 

piston rings bear against the cylinder liner. The piston rings %\™ h f™ ™ V * T^" ! ^ v T* ^7* 14 

have two main functions. First, they inhibit gas flow from 35 that » defined * an inner wall 16 of a cylinder liner 18 or 

the combustion chamber into the oil sump through the f™' hner 18 15 d ^°f d W1 ^ n 

annular space between the piston and the cylinder liner. a bore 20 J°™ ed m an en * ine K block 22 < ™ e 

Second, they minimize oil flow from the oil sump into the V^'u^ 1 f*?* 1 * 10 mdudes a co ™ b ^ 10 ° chamber 

combustion chamber. wmch 1S defined by an u PP er P° rtl0n 26 of the c y hnder 

_ . , . " .... „. 40 liner 18 and a top portion or crown 28 of the piston 12. 

To improve their durability, wear and scuff resistance, the During engine operation , combustion in the combustion 

piston rings, and in some cases the cylinder liner, are coated chamber 28 generates gas pressure that pushes against the 

with relatively hard materials such as chromium hard plate crown ^ of the iston 12? drivi the iston 12 downwarcL 

and alloys containing chromium carbide. Although such T „ nAAiti ... *> Q tU . , . , . « 

^ot^rre to wo „,:*Z ^ a ui *u u u In addition to the crown 28, the piston 12 includes first 30, 

coatings have met with considerable success, they have been a.uaia / a- i > i .. *>1 

f~,.~A :~..a * c ' i i— i ij" 45 second 32, and third 34 grooves formed in a lateral wall 36 

found madequate for newer engine technologies, including nft . „. ' t - c u , n ~ A . * 

a "a^fli • 1 • u » ■ i • /t-^t^x °f the piston 12. Each of the grooves 30, 32, 34 are sized to 

diesel engines employing exhaust gas recirculation (EGR). ; t . , - , * . ' ' . vL . 

to b v ' accept, respectively, first 38 and second 40 piston 

SUMMARY OF THE INVENTION (compression) rings, and an oil ring assembly 42. The oil 

ring assembly 42 includes a pair of rails 44, 46, and a 

The present invention provides coatings that offer 50 sinusoidal expander 48, which pushes the rails 44, 46 

improved wear and scuff resistance for demanding applica- outward from the lateral wall 36 of the piston 12. The 

tions such as piston rings and cylinder liners of internal expander 48 also includes a drain slot 50 (shown by hidden 

combustion engines. lines) thal channels oil away from the inner wall 16 of the 

One aspect of the present invention provides a wear cylinder liner 18 to an oil sump via a conduit (not shown) 

resistant coating for protecting a surface undergoing sliding 55 within the piston 12. As can be seen in FIG. 1, first 52, 

contact with another surface, as found, for example, in a second 54, and third 56 lands separate each of the grooves 

power cylinder assembly of an internal combustion engine. 30, 32, 34 and help retain the pistons rings 38, 40 and the oil 

The wear resistant coating is applied by high velocity ring assembly 42 in their respective grooves 30, 32, 34. The 

oxygen- fuel deposition of a powder, which comprises a piston 12 also includes a lower skirt 58, which reduces 

blend of about 13 wt. % to about 43 wt. % of a nickel- 60 lateral movement of the piston 12 during the combustion 

chromium alloy, about 25 wt. % to about 64 wt. % chromium cycle. 

carbide, and about 15 wt. % to about 50 wt. % molybdenum. As shown in FIG. 1, the first 38 and second 40 piston 

Another aspect of the present invention provides a piston rings, and the rails 44, 46 of the oil ring assembly 42, contact 

ring comprising an annular body having an outer radial the inner wall 16 of the cylinder liner 18. The rings 38, 40 

periphery protected by a wear resistant coating. The wear 65 and rails 44, 46 act as sliding seals that prevent fluid flow 

resistant coaling is applied by high velocity oxygen-fuel through an annular region 60 formed by the lateral wall 36 

spraying of a powder comprising a blend of about 13 wt. % of the piston 12 and the inner wall 16 of the cylinder liner 
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18. Thus, the first piston ring 38, and to some extent the 
second piston ring 40 and the oil ring assembly 42 rails 44, 
46, reduce gas flow from the combustion chamber 24 to the 
oil sump region of the engine. Similarly, the rails 44, 46 of 
the oil ring assembly 42 and the second 40 piston ring (and 
to less extent the first 38 piston ring), help prevent oil in the 
sump from leaking into the combustion chamber 24. 

In the embodiment shown in FIG. 1, a coating 62 is 
disposed on a radial periphery 64 of the first piston ring 38 
to improve durability, wear resistance and scuff resistance of 
the first piston ring 38 and the cylinder liner 18. As can be 
seen in FIG. 1, the radial periphery 64 of the first piston ring 
38 includes a radial groove 66, which improves the adhesion 
of the coating to the first piston ring 38. The coating 62 can 
also be applied to other surfaces of the power cylinder 
assembly 10 that are subject to frictional forces (bearing 
surfaces), heat, or corrosion. Such surfaces include, but are 
not limited to, the inner wall 16 of the cylinder liner 18, and 
radial peripheries 68, 70, 72 of the second piston ring 40 and 
the rails 44, 46 of the oil ring assembly 42. 

The coating 62 comprises an alloy of one or more base 
metals, a hard ceramic material, and molybdenum. The base 
metal serves as a binder for the hard ceramic material. 
Suitable base metals include nickel, chromium, and, 
preferably, mixtures of nickel and chromium. A useful base 
metal is a nickel-chromium alloy containing from about 40 
wt. % to about 60 wt. % nickel. The base metal generally 
comprises about 13 wt. % to about 43 wt. % of the coating 
62, and more particularly, about 18 wt. % to about 35 wt. % 
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nickel-chrome alloy contains about equal amounts (by 
weight) of nickel and chromium. The pre-alloyed mixture 
has a maximum particle size less than about 53 microns. For 
a description of liquid atomization, see U.S. Pat. No. 5,863, 
618, "Method for Producing a Chromium Carbide-Nickel 
Chromium Atomized Powder," which is herein incorporated 
by reference. 

In addition to the base metal and the hard ceramic 
component, the coating 62 also includes molybdenum, 
which imparts scuff resistance. Here, scuffing refers to 
binding or grabbing that may occur when two surfaces, such 
as the piston rings 38, 40 and the cylinder liner 18, are in 
sliding contact. In extreme cases of scuffing, the intense heat 
generated by friction may cause the two .surfaces to weld 
together. The molybdenum component of the coating 62 
may include a few weight percent impurities, such as metal 
oxides, and generally ranges in particle size from about 105 
microns to less than about 45 microns. For power cylinder 
applications, molybdenum should comprise between about 
15 wt. % and 50 wt. % of the coating 62 — molybdenum 
levels less than about 15 wt. % result in coatings 62 having 
inadequate scuff resistance, and molybdenum levels greater 
than about 50 wt. % result in coatings 62 having inadequate 
wear resistance. A particularly useful coating 62 comprises 
about 30 wt. % molybdenum. 

Prior to application, the powders that comprise the coat- 
ing 62 — base metal, hard ceramic component, 
molybdenum — are mixed in a dry state using a v-cone 
blender, a ball mill, and the like. Once blended, the coating 
62 constituents are applied to the first piston ring 38, 



of the coating 62. Apreferred coating 62 includes at least 7.2 30 cylinder liner 18, or other bearing surfaces of the power 



wt. % of chromium from the nickel-chromium alloy. An 
especially useful coating 62 includes about 28 wt. % of a 
nickel-chromium alloy containing about 50 wt. % nickel. 

The hard ceramic material, which imparts wear resistance, 
ordinarily should remain substantially solid throughout 35 
application of the coating 62. Examples of hard ceramic 
materials include chromium carbide, vanadium carbide, and 
tungsten carbide. Of these, chromium carbide is especially 
useful. The hard ceramic materials are available as finely 
divided powders ranging in size from about 200 microns to 40 
less than about 45 microns. Useful forms of chromium 
carbide include Cr 3 C 2 , Cr 7 C 3 , and Cr^C^ among others, 
and a mixture of Cr 7 C 3 , and Cr 23 C 6 is particularly advan- 
tageous. The hard ceramic material generally comprises 
about 25 wt. % to about 64 wt. % of the coating 62, and more 45 
particularly, about 35 wt. % to about 53 wt. % of the coating 
62. When the chromium carbide level is less than about 25 
wt. %, the abrasion or wear resistance of the coating 62 is 
inadequate for power cylinder applications, and when the 
chromium carbide level is greater than about 64 wt., the 50 
coating 62 is too brittle. A particularly useful coating 62 
comprises about 42 wt. % chromium carbide, which 
includes about 50 wt. % Cr 7 C 3 and about 50 wt. % Cr 23 C 6 . 

Although the base metal and the hard ceramic component 
of the coating 62 can be dry-blended, it is advantageous to 55 
pre-alloy the components prior to application. Suitable 
alloying techniques include liquid and gas atomization, 
which generate particles having substantially uniform con- 
centrations of the base metal and the hard ceramic compo- 
nent. For example, a pre-alloyed mixture of chromium 60 
carbide and nickel-chrome, which is produced by 
atomization, is available under the trade designation CRC- 
291 from Praxair Inc. The pre-alloyed mixture comprises 
about 60 wt. % chromium carbide, primarily as Cr 7 C 3 and 
C^Q, and about 40 wt. % of a nickel-chrome alloy. The 65 
chromium carbide portion of the mixture contains about 
equal amounts (by weight) of Cr 7 C 3 and Cr^Q, and the 



cylinder 10 using a thermal spraying method. Suitable 
thermal spraying methods include plasma torch spraying, 
detonation gun deposition, and preferably, high velocity 
oxygen-fuel (HVOF) deposition. HVOF deposition gener- 
ally comprises combusting an oxygen/fuel gas mixture, 
accelerating the resulting gas stream through a nozzle, and 
injecting the coating 62 constituents into the high velocity 
(supersonic) gas stream. The gas stream heats the coating 62 
constituents to near their melting point, and propels the 
coating 62 constituents against the coating surface. Plasma 
torch spraying is a similar method, but uses electrical energy 
to generate a high temperature plasma that entrains the 
coating 62 constituents. For a discussion of various thermal 
spraying techniques, including detonation gun deposition, 
see U.S. Pat. No. 5,906,896, "Rotary Seal Member Coated 
with a Chromium Carbide- Age Harden able Nickel Base 
Alloy," which is herein incorporated by reference. 

To efficiently coat a piston ring's radial periphery, a group 
of piston rings are stacked on an arbor having a controllable 
rotation rate. A thermal spray nozzle, which propels the 
coating 62 constituents against the outer periphery of each of 
the rings, is mounted on a translation stage, which can 
control the position of the nozzle relative to the stack of 
piston rings. Prior to coating, the translation stage adjusts the 
standoff distance from the thermal spray nozzle tip to the 
stack of piston rings. To coat the rings, the arbor rotates the 
piston rings at a desired angular velocity while the transla- 
tion stage moves the nozzle between the ends of the stack 
along the arbor's axis at a desired speed. For a given powder 
feed rate, one can adjust the coating thickness by adjusting 
the angular velocity of the arbor and the translation speed of 
the nozzle. Preferably, one can adjust the coating thickness 
by changing the number of nozzle translations over the 
arbor. Following application of the coating 62, the stack of 
piston rings are separated and finished by grinding. 

EXAMPLES 

The following examples are intended as illustrative and 
non-limiting, and represent specific embodiments of the 
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present invention. The examples show that the disclosed % molybdenum, and 0.6 wt. % boron was dry-blended and 

coatings have consistently better wear resistance in engine applied to the radial periphery of piston rings using plasma 

testing than competing coating formulations. In addition, the torch spraying. FIG. 4 is a photomicrograph of a cross 

examples demonstrate that using HVOF deposition to apply section of the plasma torch spray coating 130 viewed with 

the disclosed coatings results in significant and unexpected 5 backscattered electrons at 500 times magnification. In FIG. 

improvement in wear resistance based on engine testing. 4, light areas 132 correspond to nickel alloy, darker areas 

134 correspond to chromium carbide, and black areas 136 

Example 1 represent porosity. 
A pre-alloyed powder containing 60 wt. % chromium 

carbide, primarily as Cr 7 C 3 and Cr^Cg, and 40 wt. % io Example 4 
nickel-chrome alloy was dry-blended with molybdenum 

powder to produce a powder mixture comprised of 30 wt. % For comparison purposes, a coating powder containing 65 

molybdenum. The pre-alloyed powder was obtained from wt. % molybdenum, 27 wt. % nickel-chromium alloy, and 8 

Praxair Inc. The chromium carbide portion of the blend wt. % chromium carbide was dry-blended and applied to the 

contained about equal amounts (by weight) of Cr 7 C 3 and 15 radial periphery of piston rings using plasma torch spraying. 

Cr^Ce, and the nickel-chrome alloy contained about equal The wear resistance of the piston rings was evaluated in 

amounts (by weight) of nickel and chromium. The pre- engine tests described below, 
alloyed mixture had a maximum particle size less than about 

53 microns. The molybdenum powder, which was obtained Example 5 

from CSM Inc., contained less than 1.5 wt. % impurities and 20 

had a maximum particle size less than 105 microns. For comparison purposes, the radial periphery of piston 

The blended powder, which contained 42 wt. % chro- rin S* were °°^ 6 with a sulfate hard chrome plate using a 

mium carbide, 28 wt. % nickel-chrome, and 30 wt. % method an electrodeposition technique, which is described 

molybdenum, was applied to the radial periphery of a stack in u - s - Pat * Na 4,039,399, "Method of Making a Bearing 

of piston rings using a Praxair/Tafa JP5000 HP/HVOF (high 25 Surface," which is herein incorporated by reference. The 

pressure/high velocity oxygen fuel) thermal sprayer. Oper- wear resist*"* of the piston rings was evaluated in engine 

ating parameters for the HVOF system are listed in Table 1. lests described below. 

TABLE 1 Example 6 

30 



hvof Operating Parameters The piston ring coatings prepared in Example 1 and 

Example 3 were evaluated in a 12.0 liter displacement Mack 
PafamCtCr Setting or Measured MUue £? {mck ^ an accelerated weaf ^ 

method, ASTM D6483-99. The pistons were installed in the 
35 engine, which was operated in accordance with the test 
method for 500 hours. Table 2 lists changes in the piston ring 
diameter and cylinder liner following the test. Smaller 
values in Table 2 represent better wear resistance. 



Oxygen Flow Rate 


1750-1850 scfh 


Fuel Flow Rate 


5.5-6.5 gallons/hour 


Carrier Gas Pressure 


48-52 psi 


Carrier Gas Flow 


23-27 scfh 


Powder Feed Rate 


78-62 grams/minute 


Surface Speed 1 


1200 inches/minute minimum 


Barrel Length 


8 inches 


Standoff Distance 


14-16 inches 
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Notes: 

(1> Piston ring circumference times arbor rotation rate The piston ring coatings prepared in Example 1 and 

Example 3 were evaluated in a 12.0 liter displacement Mack 

FIG. 2 is a photomicrograph of a cross section of an E7diesel truck engine using an accelerated wear test method 

HVOF spray coating 62' viewed with backscattered elec- 45 similar to the method of Example 5, but modified for exhaust 

trons at 500 times magnification. In FIG. 2, the largest light gas recirculation. The pistons were installed in the engine, 

gray areas 90 correspond to the molybdenum component, which was operated for 300 hours. Table 2 lists changes in 

the smaller light gray areas 92 correspond to the nickel- the piston ring diameter and cylinder liner following the test, 
chrome component, and the dark gray areas 94 correspond 

to chrome carbide. Black areas 96 represent porosity. 50 Example 8 
Example 2 

The piston ring coatings prepared in Example 1, Example 

For comparison purposes, a coating powder was prepared 3, and Example 5 were evaluated in a 12.7 liter displacement 

as described in Example 1, but was applied to the radial Detroit Diesel Series 60 diesel truck engine using a truck 

periphery of piston rings using plasma torch spraying 55 simulation cycle. The pistons were installed in the engine, 

instead of HVOF deposition. FIG. 3 is a photomicrograph of which was operated for 400 hours. Table 2 lists changes in 

a cross section of the plasma torch spray coating 62" viewed the piston ring diameter and cylinder liner following the test, 
with backscattered electrons at 500 times magnification. In 

FIG. 3, light areas 110 correspond to the molybdenum Example 9 

component, gray areas 112 correspond to the chromium 60 

carbide/nickel-chrome components, elongated black areas The piston ring coatings prepared in Example 1-Example 

114 corresponds to oxides, and oval-shaped black areas 116 4 were evaluated in a 7.3 liter International diesel truck 

represent porosity. engine using an accelerated wear test method similar to the 

Exam le 3 method of Example 5, but modified for exhaust gas recir- 

p 65 culation. The pistons were installed in the engine, which was 

For comparison purposes, a coating powder containing 72 operated for 240 hours. Table 2 lists changes in the piston 

wt. % chromium, 10 wt. % carbon, 10 wt. % nickel, 6 wt. ring diameter and cylinder liner following the test 



